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Abstract: Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease with no recognized clinical 
prognostic factor. Creatinine kinase (CK) increase in these patients is already described with conflicting 
results on prognosis and survival. In 126 ALS patients who were fast or slow disease progressors, CK 
levels were assayed for 16 months every 4 months in an observational case-control cohort study with 
prospective data collection conducted in Italy. CK was also measured at baseline in 88 CIDP patients 
with secondary axonal damage and in two mouse strains (129SvHSD and C57-BL) carrying the same 
SOD1G93A transgene expression but showing a fast (129Sv-SOD1G93A) and slow (C57-SOD1G93A) 
ALS progression rate. Higher CK was found in ALS slow progressors compared to fast progressors in 
T1, T2, T3, and T4, with a correlation with Revised Amyotrophic Lateral Sclerosis Functional Rating Scale 
(ALSFRS-R) scores. Higher CK was found in spinal compared to bulbar-onset patients. Transgenic and 
non-transgenic C57BL mice showed higher CK levels compared to 129SvHSD strain. At baseline mean 
CK was higher in ALS compared to CIDP. CK can predict the disease progression, with slow progressors 
associated with higher levels and fast progressors to lower levels, in both ALS patients and mice. CK is 
higher in ALS patients compared to patients with CIDP with secondary axonal damage; the higher levels 
of CK in slow progressors patients, but also in C57BL transgenic and non-transgenic mice designs CK as 
a predisposing factor for disease rate progression. 
Keywords: Prognosis; amyotrophic lateral sclerosis; chronic inflammatory demyelinating 
polyneuropathy; CK; creatine kinase; neurodegenerative disease 
 
1. Introduction 
Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease involving motor neurons of the 
motor cortex, the brainstem, and the spinal cord, with two possible onset phenotypes: spinal or bulbar 
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onset. Diagnosis can be made with clinical and electrophysiological examination; neuroimaging and 
laboratory analysis can exclude other diseases [1,2]. Some techniques can demonstrate upper motor 
neuron [3,4] and extra motor [5–8] involvement. No serum biomarker is approved for monitoring or 
forecast disease evolution [9]. 
Chronic inflammatory demyelinating polyradiculoneuropathy (CIDP) is an autoimmune 
disorder that causes demyelination and subsequent axonal damage to nerves. Motor involvement 
occurs in up to 94% of patients [10]. 
A moderate elevation of creatinine kinase (CK) in subsets of ALS patients is already known [11–
23]. Recently, there has been a closer look into CK levels over time to understand if they can predict 
prognosis and survival, but results are conflicting [20–22]. CK can catalyze the conversion of 
phosphocreatine and ADP to creatine and ATP, buffering energy for muscle contraction [24]. CK 
elevation is commonly due to injury of the sarcolemma [25]. The increased CK levels in ALS patients 
was associated with the motor neuron loss, denervation, and muscular atrophy [23], or to an up-
regulation from the muscle to provide energy [21]. However, up to now, it is still unclear if the CK 
increases as a compensatory mechanism to up-regulate the muscular metabolic pathways or if it is 
already increased in ALS patients with different progression rate. 
Another crucial molecule, the myoglobin, is a reservoir of oxygen during muscular exercise [26] 
and increases in myopathies and in vigorous exercise [27]. Immunohistochemical staining in ALS 
showed a preserved immunoreactivity for myoglobin, whilst dystrophies and polymyositis have a 
reduced or absent staining [28,29].  
The aim of this study is to elucidate the utility of measuring CK to forecast the disease 
progression in ALS patients and to compare CK and Myoglobin (Mb) levels in ALS and in a cohort 
of CIDP patients affected by secondary axonal damage. 
Despite the different etiology with ALS, the cohort of CIDP patients we included also had 
chronic denervation and a reduced motor neuronal pool, similar to ALS patients. The reduction of 
motor neurons increases the firing rate of the residual ones, as a compensatory mechanism. This 
could up-regulate the muscular metabolism and, consequently, the CK levels as it happens in the 
heavy muscular activity [30]. The CIDP cohort could settle if the CK increase is specific for ALS or an 
epiphenomenon of motor neuronal loss. 
Like ALS patients, ALS mouse models, with the same gene mutation, show a significant 
variability in the disease severity due to their genetic background. We observed that transgenic 
SOD1G93A mice on C57BL/6JOlaHsd genetic background (C57-SOD1G93A), indicated as slow 
progressor, exhibited a delay in the onset of symptoms and a prolonged survival of about 3 and 8 
weeks, respectively, compared to the SOD1G93A mice on 129SvHSD strain (129Sv-SOD1G93A), 
indicated as fast progressor despite they carry the same amount of transgene and express the same 
amount of mutant protein [31,32]. Such difference is independent of the spinal motor neuron soma 
loss, which is affected at the same extent in both strains, while a prominent role of the peripheral 
neuromuscular system seems responsible for the difference in the disease severity [33]. 
2. Materials and Methods 
This is an observational case-control cohort study with prospective data collection, involving 
data from 126 Caucasian patients affected by clinically definite, probable or laboratory supported 
probable ALS, as defined by the revised El Escorial Criteria [1] and 88 patients affected by CIDP with 
secondary axonal damage demonstrated by EMG and motor NCS (EFNS/PNS criteria [34]). 
Bulbar onset patients showed a classic ALS pattern, with muscle atrophy and neurogenic 
features at the time of recruitment. Patients were consecutively recruited from June 2017 to October 
2019 in Sapienza University of Rome and San Camillo Forlanini Hospital.  
Exclusion criteria were the following: EMG testing or intramuscular injections within 10 days 
before the blood test, being under statins, isotretinoin, antiretrovirals, colchicine, neuroleptics, 
hydroxychloroquine, being affected by other diseases that can determine an elevation of CK and Mb i.e., 
dystrophies, myopathies, myositis, hyper/hypothyroidism, renal insufficiency. 
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At baseline, all ALS and CIDP patients underwent venous blood biochemistry tests, including CK 
and Mb, after overnight fasting and rest. CK assay was performed by direct enzymatic level according to 
the International Federation of Clinical Chemists with a normal range of 24-195 U/I for men and 24-170 
for females. Given the similar normal range, no statistical sub-analysis for gender was performed. Mb 
levels were determined by radioimmunoassay with a normal range of 25-72 ng/mL. 
At baseline, all ALS patients also underwent motor NCS bilaterally on the medial plantar nerve and 
ulnar nerve and relationship between cMAP results and CK levels at baseline was examined. 
Furthermore, ALS patients were divided into fast or slow disease progressors according to monthly 
reduction in ALSFRS-R score from start of symptoms to baseline. A progression index (PI) was employed 
to differentiate patients based on their rate of disease advancement: PI = (48-ALSFRS-R score at 
baseline)/disease duration from onset of symptoms (months). Slow progressors had PI ≤0.5, fast 
progressors had PI  > 0.5. In fact, a previous study demonstrated that patients with a monthly reduction 
of ALSFRS-R score lower than 0.5 had a better survival compared to patients with higher scores [35]. 
All ALS patients were followed-up for 16 months; CK was serially dosed every 4 months (T1–T5). 
Relationship between fast or slow rate of progression and CK levels in single time points was examined. 
2.1. Mice 
Female transgenic SOD1G93A mice on C57BL/6JOlaHsd or 129SvHSD genetic background, 
hereafter indicated as C57SOD1G93A and 129SvSOD1G93A, respectively, and corresponding non-
transgenic (Ntg) littermates were used. The animals were housed under SPF (specific pathogen-free) 
standard conditions (22 ± 1 °C, 55 ± 10% relative humidity and 12-h light/dark schedule), 3–4 per cage, 
with free access to food (standard pellet, Altromin, MT, Rieper) and water. 
The blood was collected from the submandibular plexus of anesthetized mice and centrifuged 
at 12000 rpm for 10 min. The serum was separated and stored at −80°C. Creatine kinase determination 
was performed by standard spectrophotometric analysis by using the Pointe Scientific Creatine 
Kinase (CK10) reagent (Fischer Scientific, Kalamazoo, MI, USA). Absorption at 340 nm was measured 
every minute for 3 min at 37 °C to calculate the enzymatic activity. Duplicate measurements were 
done on each serum sample. Creatine kinase activity is expressed in units per liter. 
Blood was collected from both SOD1G93A mouse strains and respective non-transgenic 
littermates at 12 weeks of age before symptoms appearance and at the onset of muscle force deficit 
corresponding to 14 weeks and 18 weeks age for the 129Sv-SOD1G93A and the C57-SOD1G93A, 
respectively [31]. 
2.2. Standard Protocol Approvals, Registrations, and Patient Consents: 
This study was approved by the ethical committee of Policlinico Umberto I, Rome, for any 
experiments using human participants and written consent was obtained from all participants of the 
study, according to Declaration of Helsinki. 
Procedures involving animals and their care were conducted in conformity with the institutional 
guidelines of the Mario Negri Institute for Pharmacological Research, Milan, Italy, which are in 
compliance with national (D.lgs 26/2014; Authorization n.19/2008-A issued March 6, 2008 by Ministry 
of Health) and Mario Negri Institutional regulations and Policies providing internal authorization 
for persons conducting animal experiments (Quality Management System certificate— UNI EN ISO 
9001:2008—reg. No. 6121); the NIH Guide for the Care and Use of Laboratory Animals (2011 edition) 
and EU directives and guidelines (EEC Council Directive 2010/63/UE). 
2.3. Aims of the Study 
Primary endpoints of this study were to investigate CK values in fast and slow ALS progressors 
and in the different onset phenotypes; possible correlations with cMAP measures were also assessed. 
Finally, CK and Mb values were compared in ALS and CIDP with secondary axonal damage to 
evaluate differences in these diseases with different pathogenesis but with the same effects on the 
lower motor neurons. 
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2.4. Statistical Analysis 
The statistical analysis was performed using SPSS software 25.0. Qualitative variables have been 
described with frequency distributions, while quantitative variables have been described with mean 
levels ± standard error mean (S.E.M.). 
Mann-Whitney U test for independent samples was used to compare CK and Mb levels between 
ALS patients and CIDP patients at baseline. 
Kruskal-Wallis test for independent samples has been used to compare CK levels in spinal vs 
bulbar onset patients, and fast vs slow progressive patients and to compare ALSFRS-R score and time 
since diagnosis in fast vs slow progressive patients 
Pearson’s chi-squared test was used to compare bulbar/spinal onset and male/female prevalence 
in fast and slow progressive patients. 
Pearson correlation coefficient was used to examine the relationship between CK and cMAP 
levels at baseline and relationship between CK and ALSFRS-R scores in each time point. ANOVA for 
repeated measures (RM-ANOVA) was employed to verify the effect of time in the single time points 
and the effect of rate of progression on single levels of CK. 
A p-value of <0.05 was regarded as statistically significant. 
3. Results 
A global amount of 126 ALS patients (78 males and 48 females) were included, with a mean age 
of 66 ± 12.6 years (range 44–90). The mean period from start of symptoms to study entry was 26.3 
months (median 17.4 months). 
A total of 88 CIDP patients (53 males and 35 females) were recruited with a mean age of 65 ± 16.3 
years (range 32–86). 
Demographic characteristics of the sample are shown in Table 1. 
Table 1. Demographic characteristics of the sample. 
 Fast Slow p-value 
Time since diagnosis (months ±SEM) 15,4 ± 2,2 34,6 ± 4,8 <0,05 
ALSFRS-R (±SEM) 36,6 ± 1,7 38,26 ± 0,8 >0,05 
Bulbar/spinal onset (n) 19/27 20/60 <0,05 
Male/female (n) 26/22 47/31 >0,05 
3.1. Baseline CK and Mb in ALS Patients 
Table 2 shows baseline CK and Mb levels in ALS (by site of onset and rate of progression). In 
ALS, spinal onset patients had mean CK levels higher than bulbar onset patients (p < 0.01). Myoglobin 
levels also were higher in spinal compared to bulbar onset patients (p = 0.032). 
Table 2. Baseline creatinine kinase (CK) and Myoglobin (Mb) in amyotrophic lateral sclerosis (ALS) 
by site of onset and rate of progression. 
  N 
CK levels (U/L) 
± SEM 
p-value 
Mb levels (ng/mL) 
± SEM 
p-value 
Overall  126 252.5 ± 30.1  97.1 ± 12.4  
Site of onset 
Spinal 91 287.2 ± 39.7 
<0.01 
104.1 ± 15.9 
<0.05 
Bulbar 35 161.4 ± 29.9 78.9 ± 18.7 
Rate of progression 
Slow 79 310.6 ± 50.4 
<0.05 
116.9 ± 15.8 
<0.05 
Fast 47 154.8 ± 16.2 63.7 ± 10.3 
When subdivided according to rate of progression, at baseline slow progressive patients showed 
higher CK and Mb levels compared to fast progressive patients (p = 0.024). 
Mean levels of cMAP in ALS patients from medial plantar nerve (8.1 mV ± 0.6) and ulnar nerve 
(7.4 ± 0.5 mV), both obtained from the mean of measurements from the right limb and the left limb, 
were under the normal range. No significant correlation with CK levels was found. 
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3.2. Relationship between CK and FAST/SLOW progression over time 
Figure 1 compares mean CK levels of slow and fast progressive patients during follow up in the 
single time points, showing significantly higher CK levels in slow progressors at T1, T2, T3, and T4, 
but not at T5; the power of the test was >80% for T1–T4 and <80% for T5. 
 
Figure 1. Mean CK levels (U/L) in slow vs fast progressive ALS patients. * p < 0.05. 
Moreover, a logarithmic correlation was demonstrated between CK values and ALSFRS-R score 
administered to patients in the single time points in T1 (Figure 2), T2, T3, and T4 but not in T5, where 
there was still a not significant correlation (Figure 2; Table 3). 
 
Figure 2. Correlation between ALSFRS-R score and CK levels at T1. 
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Table 3. CK and ALSFRS-R progression over time. 
 T1 T2 T3 T4 T5 
N 126 115 102 96 61 
CPK ± SEM 252.5 ± 30.1 297.7 ± 44.3 360.6 ± 76.8 420.3 ± 88.1 298.3 ± 69.5 
ALSFRS-R ± SEM 37,6 ± 0.87 35.5 ± 1.3 33.6 ± 1.5 31.9 ± 2.1 27.8 ± 2.8 
A RM ANOVA with assumption of sphericity demonstrated a global within-subject effect of CK 
levels over time in the ALS patients [F (4.72) = 4.885, p = 0.002]. The between-subjects analysis showed 
a difference related to the rate of progression group (slow or fast) (p = 0.028). 
3.3. CK and Mb in ALS and CIDP 
Figure 3 shows comparison between CK and Mb in ALS and CIDP. At baseline, 47% of ALS patients 
had levels above the upper limit of normal range, and 3 patients had levels >1000 U/L. 14% of CIDP 
patients had levels above the upper limit of normal range at the baseline, but the higher registered level 
was 421 U/L. There was a significant difference between CK and Mb levels in ALS compared to CIDP. 
 
Figure 3. Mean CK and Mb in ALS patients vs Chronic inflammatory demyelinating 
polyradiculoneuropathy (CIDP) patients. 
3.4. CK in Fast and Slow-Progressive ALS Mouse Models 
When we examined the serum levels of CK in fast and slow progressors mice we found that CK 
levels progressively increased with the age of mice in both strains (129Sv vs C57), independently of 
the genotype (NTG vs SOD1G93A). However, the mouse strain associated with the slow progression 
of the disease (C57) at all time points showed significantly higher levels compared to the strain of fast 
progressing mice (129Sv) (Figure 4A). CK is produced for the major part in the skeletal muscle 
Interestingly, we found that the weight of gastrocnemius muscles of the C57 NTG mice is 55% higher 
than those of 129Sv mice at the same age (Figure 4B). 
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Figure 4. CK serum levels (U/L) in slow and fast progressive ALS mice. (A) CK levels were measured 
in mouse serum of C57-SOD1G93A (slow), 129Sv-SOD1G93A (fast), mice and relative controls (NTG) 
at pre-symptomatic (12 weeks) and onset (18 and 14weeks respectively) disease stages. CK levels were 
significantly higher in C57 mice than 129Sv mice, regardless of SOD1G93A mutation. Statistical 
significance was calculated by Two-Way ANOVA with Sidak’s post-analysis. Data are presented as 
mean ± SEM. *p＜ 0.05; **p < 0.001. (B) Muscle wasting was calculated by measuring of the 
gastrocnemius medialis (GCM) muscle weight of C57-SOD1G93A and 129Sv-SOD1G93A mice and 
relative NTG littermates. Statistical significance was calculated by Mann and Whitney test. Data are 
presented as mean ± SEM. *p < 0. 05; ***p < 0.0001. 
4. Discussion 
CK and Mb are mainly present in striated skeletal muscle. CK is an enzyme composed of two 
isoforms, which can be either a B (brain) or M (muscle) type, giving rise to three isoenzymes: CK-
MM, CK-BB and CK-MB. CK-MM is the predominant form in the muscle and catalyzes the 
phosphocreatine reaction causing production of ATP. Mb instead is a globular protein, found 
especially in type 1 slow-twitch muscle fibers, and acts as a deposit of oxygen, supporting diffusion 
of O2 from blood vessels to mitochondria during aerobic exercise. Notoriously, a rise of CK and Mb 
levels in serum is secondary to rhabdomyolysis, happening in myopathies, myositis, and in heavy 
muscular exercise [30]. In ALS, muscles are characterized by neurogenic atrophy due to denervation 
[35]. Muscle biopsies show neurogenic changes essentially in all ALS patients, while necrosis is seen 
in a very small percentage of them [36]. Consequently, raised serum levels of CK and Mb in ALS 
patients must be due to a mechanism other than the lysis of muscle fibers. 
This study revealed that slow progressors ALS patients, i.e., patients with low monthly 
reduction in ALSFRS-R score, showed higher CK levels both at baseline and up to 12 months follow 
up. The latter also presented a constant increase in CK levels over time, whilst fast progressors 
showed low but fairly stable CK levels over time (Figure 1). CK increase over time in the slow 
progressive patients could be due to the earlier death of patients with lower CK, thus increasing the 
CK average in the group. The lack of differences in CK between the two groups at 16 months should 
be interpreted considering the reduction of the sample size, as demonstrated by the low power of the 
test. 
CK levels also showed a logarithmic correlation with ALSFRS-R scores (Figure 2) at every single 
time point up to 12 months; this means that for low blood CK levels, minor variations in CK levels 
are associated with great variations in ALSFRS-R score. 
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Mb as well showed significantly higher levels in slow compared to fast progressors. However, our 
study considered only baseline measurements, which nevertheless were useful indicators for rate of 
advancement. 
In this study, fast and slow progressive patients had similar ALSFRS-R score at baseline, being 
the time since diagnosis longer in slow than fast progressors. This enhances our results and reveals 
that independently from the functional scores at one time, fast progressors have lower CK blood 
levels compared to slow progressors. 
The mouse model confirms this observation: C57BL and 129SvHSD mouse strain differ in terms 
of CK levels, with the strain related to the slow progressor mice (C57BL) showing higher CK 
compared to that of fast progressors (129svHSD) in both transgenic and non-transgenic littermates. 
Our data are consistent with a previous study showing that blood CK levels were approximately 6 
fold higher in C57BL/6J than in 129Sv/HSD mice 2 months old although at the later ages (8 -12 
months) such difference disappeared and the CK levels decrease [37]. 
CK is an important enzyme for tissues that consume ATP rapidly, like the skeletal muscle, 
serving as an energy reservoir for the rapid buffering and regeneration of ATP in situ. Therefore, we 
hypothesize that C57 mouse strain express a higher metabolic reservoir, which preserves this strain 
from a rapid loss of strength in consequence of SOD1G93A mutation. Although we ignore whether 
the levels of CK or ATP in the skeletal muscle are different between the two mice strains, we 
previously found that 129Sv SOD1G93A had an impaired production of ATP in the spinal cord in 
comparison to the C57-SOD1G93A [38]. This may indicate that 129Sv mice are unable to maintain 
proper energy homeostasis in different compartment including the skeletal muscle possibly due to a 
lower expression of CK. In Figure 4 we show that muscle mass is higher in C57 than in 129Sv mice 
suggesting that such difference could explain the difference in serum CK levels. However, 
apparently, this correlation between muscle mass and serum CK levels does not comply with the fact 
that CK levels are maintained at high levels in C57SOD1G93A mice even in presence of a progressive 
reduction of muscle mass in these mice at 12 and 18 weeks age with respect to their NTG littermates. 
A similar phenomenon was observed in 129SvSOD1G93A mice of 14 weeks age compared to the 
respective NTG littermates. This suggests an increased CK production from the residual muscle fibers 
of both SOD1G93A mouse strain. However, since levels remain higher in the C57 than 129Sv mouse 
stains this can be interpreted as a metabolic predisposing factor in the C57 mice, favoring a better 
disease progression in mice with higher CK and metabolic reservoir. Thus, fast or slow progression 
rate must be associated with baseline CK and genetic background. 
Indeed, different CK values were also described in different human genotypes: afroamericans are 
known to be strongly associated with high CK values, regardless of the gender, with 97.5th percentile of 
CK being 382 U/L in white US men and 1001 U/L in black US men [39,40]. Moreover, afroamericans 
have a lower incidence of ALS [41] and a longer disease duration, with the 75th percentile for survival 
of 53 months in African Americans and 40 months in whites [42,43]. Our data are consistent with all 
these reports. 
A potential limit of the study is the higher prevalence of spinal onset in slow compared to fast 
progressor ALS patients. We highlight that the patients were classified in bulbar or spinal according to 
the site of onset, but at the time of the recruitment all the patients had a clinically definite, probable or 
laboratory supported probable ALS, as defined by the revised El Escorial Criteria, and all bulbar onset 
patients had an involvement of the upper or lower limbs, thus making the sample more homogeneous. 
Recent researches [22,23] have considered that an increase in CK levels in ALS may be linked to 
the entity of denervation potentials. Even if a leakage of CK from muscle fibers can be hypothesized, 
also due to an increase in myoglobin levels, we highlight that denervation is a mechanism that 
induces nicotinic acetylcholine receptor spreading [44], but not necrosis [45] or increase in membrane 
permeability. Moreover, we found lower CK levels in fast progressors mice, which have more 
denervation than slow progressors (33). 
Another study [21] hypothesized a link between blood CK and metabolic upregulation in the 
muscle of ALS patients, in order to increase energy production, demonstrating also a correlation 
between logCK and survival, and this correlation is confirmed by our findings. The authors hypothesize 
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a CK up-regulation to provide energy to the muscle of ALS patients. The higher CK levels in C57BL 
than in 129SvHSD mouse strains suggests an increase in muscular metabolism as a mechanism 
compensative to the disease progression. We acknowledge that many genetic differences other than CK 
values exist between the C57BL and 129SvHSD genetic backgrounds; nevertheless, we highlight that 
the two strains express the same number of transgene and the same amount of mutant protein and that 
we are not attributing a pathogenic role to CK, but simply indicating it as a possible prognostic marker. 
Similar analyses could be performed on other mouse genetic background in the future. 
Myoglobin has been studied less in ALS compared to CK; one study [46] demonstrated that in 
ALS overall there is a moderate increase in Mb levels. Another study [28] demonstrated that Mb 
immunoreactivity was preserved in muscle fibers with denervation atrophy, while marked decrease 
or loss of Mb occurs in muscle fibers characterized by necrosis and therefore definite disruption of 
the muscle fibers. No correlation has ever been made with the rate of progression or survival in ALS. 
Elevation of serum Mb levels in slow progressors, but not in fast progressors, at baseline can be 
interpreted as a protective factor. 
All these findings about myonecrosis enzymes could confirm a central role of the muscle in the 
pathogenesis, prognosis, and possible therapeutic target of ALS [47–49]. 
Our study deepened the etiology of CK and Mb elevation in ALS by measuring CK and Mb in a 
control group of patients affected by CIDP with secondary axonal damage. We considered this 
particular control group as it shares with ALS a similar axonal damage and high frequency 
motoneuronal discharge of the remaining axons, thus supplying the damaged ones. The increased 
motor neuronal firing rate could up-regulate the muscular metabolism and, consequently, the CK 
levels. This study demonstrates a significant difference in both CK and Mb levels between the two 
groups, being higher in ALS compared to CIDP; hence we hypothesize that increase in serum levels 
of the two molecules cannot be due to the high frequency motoneuronal discharge and subsequent 
up-regulation of the muscular metabolism. We confirmed this hypothesis also by carrying out nerve 
conduction studies on ALS patients without any relationship between cMAP scores and CK levels. 
This data confirms that the increase of CK and Mb levels in ALS patients cannot be due a 
compensatory mechanism after motor neuron damage. 
5. Conclusions 
Serum CK and Mb can be a useful tool to predict and monitor ALS disease progression, as higher 
levels are linked to a slow progression of disease. This may be interpreted as a predisposing factor, 
with patients with higher muscular metabolic reservoir, which show a slower progression rate. This 
study shows that CK and Mb levels are not increased in other neuropathies with motor axonal 
damage, such as CIDP, suggesting a central role of the muscle as a possible therapeutic target in ALS. 
Author Contributions: Conceptualization, M.I.; Data curation, M.C., V.P., C.B., P.F., M.C.T. and G.N.; Formal 
analysis, M.C., V.P., C.B., P.F., M.C.T. and G.N.; Investigation, C.C., L.L. and E.O.; Project administration, V.F., 
I.F., A.P., M.G. and E.P.; Supervision, M.I.; Writing – original draft, M.C., V.P., C.B., P.F., M.C.T. and G.N. All 
authors have read and agreed to the published version of the manuscript. 
Funding: The research leading to the results on mice was funded by the “Fondazione Regionale per la Ricerca 
Biomedica” (TRANS-ALS Project). 
Acknowledgments: We acknowledge ARISLA for supporting the whole project. 
Conflicts of Interest: The authors declare no conflict of interest. The funder had no role in the design of the 
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to 
publish the results. 
  
Cells 2020, 9, 1174 10 of 12 
 
References: 
1. Brooks, B.R.; Miller, R.G.; Swash, M.; Munsat, T.L. El Escorial revisited: Revised criteria for the diagnosis 
of amyotrophic lateral sclerosis. Amyotroph. Lateral Scler. Other Mot. Neuron Disord. 2000, 1, 293–299. 
doi:10.1080/146608200300079536. 
2. Traynor, B.J.; Codd, M.B.; Corr, B.; Forde, C.; Frost, E.; Hardiman, O.M. Clinical features of amyotrophic 
lateral sclerosis according to the El Escorial and Airlie House diagnostic criteria: A population-based study. 
Arch. Neurol. 2000, 57, 1171–1176. doi:10.1001/archneur.57.8.1171. 
3. Berardelli, A.; Inghilleri, M.; Formisano, R.; Accornero, N.; Manfredi, M. Stimulation of motor tracts in 
motor neuron disease. J. Neurol. Neurosurg. Psychiatry 1987, 50, 732–737. 
4. Libonati, L.; Barone, T.F.; Ceccanti, M.; Cambieri, C.; Tartaglia, G.; Onesti, E.; Petrucci, A.; Frasca, V.; 
Inghilleri, M. Heteronymous H reflex in temporal muscle as sign of hyperexcitability in ALS patients. Clin. 
Neurophysiol. 2019, 130, 1455–1459. doi:10.1016/j.clinph.2019.05.010. 
5. Ruoppolo, G.; Schettino, I.; Frasca, V.; Giacomelli, E.; Prosperini, L.; Cambieri, C.; Roma, R.; Greco, A.; 
Mancini, P.; De Vincentiis, M.; et al. Dysphagia in amyotrophic lateral sclerosis: Prevalence and clinical 
findings. Acta Neurol. Scand. 2013, 128, 397–401. doi:10.1111/ane.12136. 
6. Truini, A.; Biasiotta, A.; Onesti, E.; Di Stefano, G.; Ceccanti, M.; La Cesa, S.; Pepe, A.; Giordano, C.; Cruccu, 
G.; Inghilleri, M. Small-fibre neuropathy related to bulbar and spinal-onset in patients with ALS. J. Neurol. 
2015, 262, 1014–1018. doi:10.1007/s00415-015-7672-0. 
7. Ceccanti, M.; Onesti, E.; Rubino, A.; Cambieri, C.; Tartaglia, G.; Miscioscia, A.; Frasca, V.; Inghilleri, M. 
Modulation of human corticospinal excitability by paired associative stimulation in patients with 
amyotrophic lateral sclerosis and effects of Riluzole. Brain Stimul. 2018, 11, 775–781. 
doi:10.1016/j.brs.2018.02.007. 
8. Qiu, T.; Zhang, Y.; Tang, X.; Liu, X.; Wang, Y.; Zhou, C.; Luo, C.; Zhang, J. Precentral degeneration and 
cerebellar compensation in amyotrophic lateral sclerosis: A multimodal MRI analysis. Hum. Brain Mapp. 
2019, 40, 3464–3474. doi:10.1002/hbm.24609. 
9. Turner, M.R.; Benatar, M. Ensuring continued progress in biomarkers for amyotrophic lateral sclerosis. 
Muscle Nerve 2015, 51, 14–18. doi:10.1002/mus.24470. 
10. Said, G.; Krarup, C. Chronic inflammatory demyelinative polyneuropathy. Handb. Clin. Neurol. 2013, 115, 
403–413. doi:10.1016/B978-0-444-52902-2.00022-9. 
11. Lima, A.F.; Evangelista, T.; de Carvalho, M. Increased creatine kinase and spontaneous activity on 
electromyography, in amyotrophic lateral sclerosis. Electromyogr. Clin. Neurophysiol. 2003, 43, 189–192. 
12. Panitch, H.S.; Franklin, G.M. Elevation of serum creatine phosphokinase in amyotrophic lateral sclerosis. 
Neurology 1972, 22, 964–966. doi:10.1212/wnl.22.9.964. 
13. Amrit, A.N.; Anderson, M.S. Serum creatine phosphokinase in amyotrophic lateral sclerosis. Correlation 
with sex, duration, and skeletal muscle biopsy. Neurology 1974, 24, 834–837. doi:10.1212/wnl.24.9.834. 
14. Edmonds, P.J.; Ziegler, D.K. Diagnostic value of serum creatine phosphokinase in motor neuron disease. 
South. Med. J. 1975, 68, 1388–1390. doi:10.1097/00007611-197511000-00016. 
15. Harrington, T.M.; Cohen, M.D.; Bartleson, J.D.; Ginsburg, W.W. Elevation of creatine kinase in amyotrophic 
lateral sclerosis. Potential confusion with polymyositis. Arthritis Rheum. 1983, 26, 201–205. 
doi:10.1002/art.1780260212. 
16. Sinaki, M.; Mulder, D.W. Amyotrophic lateral sclerosis: Relationship between serum creatine kinase level 
and patient survival. Arch. Phys. Med. Rehabil. 1986, 67, 169–171. doi:10.1016/0003-9993(86)90064-x. 
17. Felice, K.J.; North, W.A. Creatine kinase values in amyotrophic lateral sclerosis. J. Neurol. Sci. 1998, 160, 
S30–S32. doi:10.1016/s0022-510x(98)00195-6. 
18. Süssmuth, S.D.; Tumani, H.; Ecker, D.; Ludolph, A.C. Amyotrophic lateral sclerosis: Disease stage related 
changes of tau protein and S100 beta in cerebrospinal fluid and creatine kinase in serum. Neurosci. Lett. 
2003, 353, 57–60. doi:10.1016/j.neulet.2003.09.018. 
19. Chahin, N.; Sorenson, E.J. Serum creatine kinase levels in spinobulbar muscular atrophy and amyotrophic 
lateral sclerosis. Muscle Nerve 2009, 40, 126–129. doi:10.1002/mus.21310. 
20. Gibson, S.B.; Kasarskis, E.J.; Hu, N.; Pulst, S.-M.; Mendiondo, M.S.; Matthews, D.E.; Mitsumoto, H.; Tandan, 
R.; Simmons, Z.; Kryscio, R.J.; et al. Relationship of creatine kinase to body composition, disease state, and 
longevity in ALS. Amyotroph. Lateral Scler. Front. Degener. 2015, 16, 473–477. 
doi:10.3109/21678421.2015.1062516. 
Cells 2020, 9, 1174 11 of 12 
 
21. Rafiq, M.K.; Lee, E.; Bradburn, M.; McDermott, C.J.; Shaw, P.J. Creatine kinase enzyme level correlates 
positively with serum creatinine and lean body mass, and is a prognostic factor for survival in amyotrophic 
lateral sclerosis. Eur. J. Neurol. 2016, 23, 1071–1078. doi:10.1111/ene.12995. 
22. Tai, H.; Cui, L.; Guan, Y.; Liu, M.; Li, X.; Shen, D.; Li, D.; Cui, B.; Fang, J.; Ding, Q.; et al. Correlation of 
Creatine Kinase Levels with Clinical Features and Survival in Amyotrophic Lateral Sclerosis. Front. Neurol. 
2017, 8, 322. doi:10.3389/fneur.2017.00322. 
23. Tai, H.; Cui, L.; Liu, M.; Guan, Y.; Li, X.; Shen, D.; Zhang, K.; Liu, S.; Wu, S.; Ding, Q.; et al. Creatine kinase 
level and its relationship with quantitative electromyographic characteristics in amyotrophic lateral 
sclerosis. Clin. Neurophysiol. 2018, 129, 926–930. doi:10.1016/j.clinph.2018.01.071. 
24. Wallimann, T.; Wyss, M.; Brdiczka, D.; Nicolay, K.; Eppenberger, H.M. Intracellular compartmentation, 
structure and function of creatine kinase isoenzymes in tissues with high and fluctuating energy demands: 
The “phosphocreatine circuit” for cellular energy homeostasis. Biochem. J. 1992, 281, 21–40. 
doi:10.1042/bj2810021. 
25. Moghadam-Kia, S.; Oddis, C.V.; Aggarwal, R. Approach to asymptomatic creatine kinase elevation. Clevel. 
Clin. J. Med. 2016, 83, 37–42. doi:10.3949/ccjm.83a.14120. 
26. Wittenberg, J.B.; Wittenberg, B.A. Myoglobin function reassessed. J. Exp. Biol. 2003, 206, 2011–2020. 
doi:10.1242/jeb.00243. 
27. Ordway, G.A.; Garry, D.J. Myoglobin: An essential hemoprotein in striated muscle. J. Exp. Biol. 2004, 207, 
3441–3446. doi:10.1242/jeb.01172. 
28. Kagawa, N.; Hizawa, K. Immunohistochemical study of myoglobin in neuromuscular diseases. Muscle 
Nerve 1985, 8, 9–16. doi:10.1002/mus.880080103. 
29. Liu, Y. Radioimmunoassay and immunohistochemical study of myoglobin in neuromuscular diseases. 
Zhonghua Yi Xue Za Zhi 1992, 72, 144–146. 
30. Khan, F.Y. Rhabdomyolysis: A review of the literature. Neth. J. Med. 2009, 67, 272–283. 
31. Marino, M.; Papa, S.; Crippa, V.; Nardo, G.; Peviani, M.; Cheroni, C.; Trolese, M.C.; Lauranzano, E.; Bonetto, 
V.; Poletti, A.; et al. Differences in protein quality control correlate with phenotype variability in 2 mouse 
models of familial amyotrophic lateral sclerosis. Neurobiol. Aging 2015, 36, 492–504. 
doi:10.1016/j.neurobiolaging.2014.06.026. 
32. Nardo, G.; Trolese, M.C.; Tortarolo, M.; Vallarola, A.; Freschi, M.; Pasetto, L.; Bonetto, V.; Bendotti, C. New 
Insights on the Mechanisms of Disease Course Variability in ALS from Mutant SOD1 Mouse Models. Brain 
Pathol. 2016, 26, 237–247. doi:10.1111/bpa.12351. 
33. Nardo, G.; Trolese, M.C.; de Vito, G.; Cecchi, R.; Riva, N.; Dina, G.; Heath, P.R.; Quattrini, A.; Shaw, P.J.; 
Piazza, V.; et al. Immune response in peripheral axons delays disease progression in SOD1G93A mice. J. 
Neuroinflamm. 2016, 13, 261. doi:10.1186/s12974-016-0732-2. 
34. Joint Task Force of the EFNS and the PNS European Federation of Neurological Societies/Peripheral Nerve 
Society Guideline on management of paraproteinemic demyelinating neuropathies. Report of a Joint Task 
Force of the European Federation of Neurological Societies and the Peripheral Nerve Society—First 
revision. J. Peripher. Nerv. Syst. 2010, 15, 185–195. doi:10.1111/j.1529-8027.2010.00278.x. 
35. Joyce, N.C.; Oskarsson, B.; Jin, L.-W. Muscle biopsy evaluation in neuromuscular disorders. Phys. Med. 
Rehabil. Clin. North Am. 2012, 23, 609–631. doi:10.1016/j.pmr.2012.06.006. 
36. Al-Sarraj, S.; King, A.; Cleveland, M.; Pradat, P.-F.; Corse, A.; Rothstein, J.D.; Leigh, P.N.; Abila, B.; Bates, 
S.; Wurthner, J.; et al. Mitochondrial abnormalities and low grade inflammation are present in the skeletal 
muscle of a minority of patients with amyotrophic lateral sclerosis; an observational myopathology study. 
Acta Neuropathol. Commun. 2014, 2, 165. doi:10.1186/s40478-014-0165-z. 
37. Mazzaccara, C.; Labruna, G.; Cito, G.; Scarfò, M.; De Felice, M.; Pastore, L.; Sacchetti, L. Age-Related 
Reference Intervals of the Main Biochemical and Hematological Parameters in C57BL/6J, 129SV/EV and 
C3H/HeJ Mouse Strains. PLoS ONE 2008, 3, e3772. doi:10.1371/journal.pone.0003772. 
38. Nardo, G.; Iennaco, R.; Fusi, N.; Heath, P.R.; Marino, M.; Trolese, M.C.; Ferraiuolo, L.; Lawrence, N.; Shaw, 
P.J.; Bendotti, C. Transcriptomic indices of fast and slow disease progression in two mouse models of 
amyotrophic lateral sclerosis. Brain 2013, 136, 3305–3332. doi:10.1093/brain/awt250. 
39. George, M.D.; McGill, N.-K.; Baker, J.F. Creatine kinase in the U.S. population: Impact of demographics, 
comorbidities, and body composition on the normal range. Medicine (Baltimore) 2016, 95, e4344. 
doi:10.1097/MD.0000000000004344. 
Cells 2020, 9, 1174 12 of 12 
 
40. Wong, E.T.; Cobb, C.; Umehara, M.K.; Wolff, G.A.; Haywood, L.J.; Greenberg, T.; Shaw, S.T. Heterogeneity 
of serum creatine kinase activity among racial and gender groups of the population. Am. J. Clin. Pathol. 
1983, 79, 582–586. doi:10.1093/ajcp/79.5.582. 
41. Cronin, S.; Hardiman, O.; Traynor, B.J. Ethnic variation in the incidence of ALS: A systematic review. 
Neurology 2007, 68, 1002–1007. doi:10.1212/01.wnl.0000258551.96893.6f. 
42. Qadri, S.; Langefeld, C.D.; Milligan, C.; Caress, J.B.; Cartwright, M.S. Racial differences in intervention rates 
in individuals with ALS. Neurology 2019, 92, e1969–e1974. doi:10.1212/WNL.0000000000007366. 
43. Roberts, A.L.; Johnson, N.J.; Chen, J.T.; Cudkowicz, M.E.; Weisskopf, M.G. Race/ethnicity, socioeconomic 
status, and ALS mortality in the United States. Neurology 2016, 87, 2300–2308. 
doi:10.1212/WNL.0000000000003298. 
44. Csillik, B.; Nemcsók, J.; Chase, B.; Csillik, A.E.; Knyihár-Csillik, E. Infraterminal spreading and 
extrajunctional expression of nicotinic acetylcholine receptors in denervated rat skeletal muscle. Exp. Brain 
Res. 1999, 125, 426–434. doi:10.1007/s002210050699. 
45. Ashley, Z.; Sutherland, H.; Lanmüller, H.; Russold, M.F.; Unger, E.; Bijak, M.; Mayr, W.; Boncompagni, S.; 
Protasi, F.; Salmons, S.; et al. Atrophy, but not necrosis, in rabbit skeletal muscle denervated for periods up 
to one year. Am. J. Physiol. Cell Physiol. 2007, 292, C440–C451. doi:10.1152/ajpcell.00085.2006. 
46. Kiessling, W.R.; Ricker, K.; Pflughaupt, K.W.; Mertens, H.G.; Haubitz, I. Serum myoglobin in primary and 
secondary skeletal muscle disorders. J. Neurol. 1981, 224, 229–233. doi:10.1007/bf00313285. 
47. Palma, E.; Inghilleri, M.; Conti, L.; Deflorio, C.; Frasca, V.; Manteca, A.; Pichiorri, F.; Roseti, C.; Torchia, G.; 
Limatola, C.; et al. Physiological characterization of human muscle acetylcholine receptors from ALS 
patients. Proc. Natl. Acad. Sci. USA 2011, 108, 20184–20188. doi:10.1073/pnas.1117975108. 
48. Palma, E.; Reyes-Ruiz, J.M.; Lopergolo, D.; Roseti, C.; Bertollini, C.; Ruffolo, G.; Cifelli, P.; Onesti, E.; 
Limatola, C.; Miledi, R.; et al. Acetylcholine receptors from human muscle as pharmacological targets for 
ALS therapy. Proc. Natl. Acad. Sci. USA 2016, 113, 3060–3065. doi:10.1073/pnas.1600251113. 
49. Musarò, A.; Dobrowolny, G.; Cambieri, C.; Onesti, E.; Ceccanti, M.; Frasca, V.; Pisano, A.; Cerbelli, B.; 
Lepore, E.; Ruffolo, G.; et al. Neuromuscular magnetic stimulation counteracts muscle decline in ALS 
patients: Results of a randomized, double-blind, controlled study. Sci. Rep. 2019, 9, 2837. 
doi:10.1038/s41598-019-39313-z. 
 
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 
article distributed under the terms and conditions of the Creative Commons Attribution 
(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 
 
